Callus cells of rice (Oryza sativa L.) that were actively dividing in suspension culture had lost the ability to divide during the isolation process of protoplasts. Factors influencing the protoplast viability were examined using highly purified preparations of cellulase C,, xylanase, and pectin lyase, which were essential enzymes for the isolation of protoplasts from the rice cells. The treatment of the cells with xylanase and pectin lyase, both of which are macerating enzymes, caused cellular damage. Xylanase treatment was more detrimental to the cells. Osmotic stress, cell wall fragments solubilized by xylanase, and disassembly of cortical microtubules were not the primary factors which damaged the rice cells and protoplasts. The addition ofAgNO3, an inhibitor ofethylene action, to the protoplast isolation medium increased the number of colonies formed from the cultured protoplasts, although the yield of protoplasts was reduced by the addition. Superoxide radical (02-) was generated from the cells treated with xylanase or pectin lyase. The addition of superoxide dismutase and catalase to the protoplast isolation medium resulted in a marked improvement in protoplast viability especially when the non-additive control protoplasts formed colonies with a low frequency. The addition of glutathione peroxidase and phospholipase A2, which have been known to reduce and detoxify lipid hydroperoxides in membranes, to the protoplast culture medium significantly increased the frequency of colony formation. These results suggested that some of the damage to rice protoplasts may be caused by oxygen toxicity. cellular death (4, 29). The toxic effect of pectinases on plant cells was found to be reduced by plasmolysis (25). Thus, the use of osmotica is essential for the isolation of viable protoplasts to reduce the toxic effect of pectinases as well as to prevent protoplasts from bursting. However, it is known that plasmolysis per se gives rise to some cellular damage by osmotic shock (18, 20) .
If plant tissues such as leaves are used as protoplast sources, it should be kept in mind that peeling or cutting ofthe tissues may trigger wound-inducing cellular damage (28) .
Rice cells, derived from roots that were actively dividing in suspension culture, yielded protoplasts that had lost the ability to divide when isolated using commercially available enzymes. They showed a delay of first division and a low frequency of cell division (2) . Only 1 to 2% ofthe cultured protoplasts formed cell colonies. Impurities and other enzyme activities that contaminated the commercial cell wall-degrading enzymes were suggested as some ofthe possible agents that damage protoplasts (8) . Ishii and Mogi (16) developed a protoplast isolation procedure using leaf tissues of monocots and dicots and treatment with a combination of highly purified enzymes. Protoplasts were easily isolated from the suspension-cultured rice cells by highly purified preparations of cellulase Cl, xylanase, and pectin lyase. But the use of purified enzymes alone did not greatly enhance the viability of the rice protoplasts. This paper describes factors, other than contaminants in enzyme preparations, influencing the viability of rice cell protoplasts, particularly the relevance of activated oxygen to protoplast damage.
Protoplasts, naked plant cells, have proven to be a useful tool for studies of physiology and biochemistry of higher plants and potentially for genetic improvement of crops. It should be noted, however, that protoplasts enzymically isolated by conventional methods do not merely represent "wailless cells" (6) . Various stresses occur during the isolation process that resulted in the modification of physiological properties and a decrease in viability of the isolated protoplasts (22) . In some cases, enzymically isolated protoplasts had completely lost the ability to regenerate cell walls and to divide and proliferate. It Enzymes. Purified pectin lyase was obtained from the culture medium of Aspergillus japonicus by the method described previously (17) . Cellulase C, and xylanase were purified from a cellulase preparation of Trichoderma viride by the method described in a previous paper (15) . These enzymes were homogeneous on disc electrophoresis and free from other enzyme activities. Non-macerating xylanase was a partially purified preparation of fraction P-6 as described in the previous papers (13, 15 (Table  I ). This indicated that the osmotic condition employed in this experiment to isolate rice protoplasts did not damage the cells with respect to cell division. However, only a short-term treatment of the cells with the combination of cellulase C1, xylanase, and pectin lyase resulted in severe reduction of the ability to divide (data not shown). Enzymes were then tested individually to determine which treatment was deleterious to the cells. Each enzyme was used at the concentration necessary for the isolation of protoplasts within 4 h. After enzyme treatment, no significant changes in rice cells were observed microscopically.
As shown in Table I , the treatment of cellulase C, did not reduce the viability of the cells. This is consistent with the result that cellulases produced by phytopathogenic microorganisms do not cause cellular death (29) . In contrast, the treatment with pectin lyase and xylanase, both macerating enzymes (13), reduced the ability of the cells to divide. Xylanase treatment was especially detrimental to the cells. This is the first report that xylanase, as well as pectinases, is deleterious to plant cells. The reaction filtrate from the xylanase treatment, which contained more than 80% of initial xylanase activity and its degradation products of rice cell walls, was also highly detrimental to the rice cells. Albersheim and co-workers (1, 30) observed that cell wall fragments obtained by partial acid hydrolysis induced necrosis.
They suggested that the killing ofplant cells by cell wall-degrading enzymes may be mediated by fiagments of plant cell walls solubilized by these enzymes. The degradation products of Gramineae cell walls by the xylanase were oligoarabinoxylosides with or without phenolic acids (13) . However, as shown in Table   I , an autoclaved preparation of the reaction filtrate was not detrimental to the cells. This indicated that rice cell wall frag-Plant Physiol. Vol. 88, 1988 25 'C protoplasts isolated were washed and cultured in MS medium supplemented with 0.5 M mannitol, 1.0% sucrose, 0.5 mg/L 2,4-D, and 0.3 mg/L kinetin. After 3 weeks the cultures were diluted three times with mannitol-free MS medium and embedded in the MS medium solidified with 0.7% agar as described in "Materials and Methods." Colony formed from cultured protoplasts was determined after 6 weeks of cultivation. ments produced by the xylanase were not the primary factors causing damage to the rice cells. However, the possibility cannot be ruled out that heat-labile components released from the cell walls by the action of xylanase may be involved in the cellular damage.
Another endo-xylanase in a cellulase preparation of T. viride (fraction P-6 in a previous paper [15] ) could solubilize arabinoxylans in cell walls but could not macerate gramineous tissues (13, 15) . This nonmacerating xylanase was not a deleterious enzyme to the rice cells as shown in Table I . In a previous paper (13), we reported that single cells isolated from oat leaves under plasmolyzed condition by purified pectin lyase and/or xylanase were damaged with a high frequency. These results indicated that enzymic maceration, that is, degradation of cell wall cementing materials per se, gave rise to wound reactions in isolated cells and protoplasts.
Effect of DMSO on Increase in PE of Rice Protoplasts. Hahne and Hoffinann (11) demonstrated that disassembly of cortical microtubules of cultured cells occurred during protoplast isolation procedures resulting in damaged protoplasts. The addition of DMSO, which is known to support microtubule assembly in vitro, to protoplast culture medium improved protoplast viability. However, the addition of DMSO to the culture medium of rice protoplasts at the range of 0.1 to 5.0% could not increase the PE of the protoplasts (data not shown). More than 5% of DMSO completely inhibited cell division of rice protoplasts.
Effect of Ethylene on Viability of Rice Protoplasts. It has been reported that cellulases (9), pectinases (3), and xylanase (10) were possibly responsible for inducing ethylene production in plant tissues. Cassells et al. (7) showed the relationship between ethylene production in protoplast isolation medium and damage of tobacco mesophyll protoplasts. We tested whether or not inhibition ofethylene biosynthesis could improve the viability ofrice protoplasts. The addition of aminoethoxyvinylglycine (inhibitor of l-aminocyclopropane-l-carboxylic acid synthase) and Co2" (inhibitor of the conversion of I-aminocyclopropane-l-carboxylic acid to ethylene) individually or in combinations to the protoplast isolation medium at the range of 0.1 to 10 mM did not increase the PE. At higher concentrations, the PE of rice protoplasts was reduced by their addition (data not shown). On the other hand the addition ofsmall amounts ofAgNO3, a potent inhibitor of ethylene action (5) , to the isolation medium increased the PE (Table II) . This suggested that ethylene generation may reduce the viability of rice protoplasts. However, the use of AgNO3 in protoplast isolation was not recommended because of a significant reduction of protoplast yield.
Diamines and polyamines have been known to inhibit ethylene biosynthesis and to retard senescence (23) . However, the addition of putrescine, spermidine and spermine to the protoplast isolation medium at the range of 0.1 to 10 mm did not improve the viability of rice protoplasts (data not shown). (14) demonstrated the generation of activated 02 during enzymic isolation of protoplasts from oat leaves. The protoplasts themselves and the cell walls attacked by enzymes produced OF. Hydrogen peroxide accu-mulated in the reaction mixture due in part to the spontaneous dismutation reaction of O-, and also to production from the digested oat cell walls (14) . As shown in Table III The first target of activated 02 species generated in a cell wall may be the cell's plasma membrane. The species can oxidize unsaturated fatty acids in the membranes to produce lipid hydroperoxides. The resulting fatty acid hydroperoxide molecules degenerate autocatalytically, producing radicals that can propagate a chain reaction of lipid peroxidation (12) . Lipid peroxidation would cause extensive cellular damage of the isolated protoplasts. It has been frequently observed that upon isolation protoplasts were highly viable as determined by vital staining (24) . However, viablity gradually decreased with increasing culture time, indicating progressive lipid peroxidation. It has been known that GSHPx in the presence ofGSH inhibits peroxidative degradation of membrane phospholipids by reducing hydroperoxide groups formed in polyunsaturated fatty acid residues (26) . More recently it has been clear that the combination of PLase A2 with GSH and GSHPx effectively inhibited lipid peroxidation (27) . As shown in Table IV , the addition of GSH and GSHPx to the culture medium increased PE of the protoplasts by two-to threefold. Further addition of PLase A2 was more effective in increase of colony formation from rice protoplasts. An increase in the growth rate of the colonies also was observed by the addition of both enzymes. In some experiments PE was more than 8%, which was never obtained in nonadditive control experiments. The results indicated that oxidative membrane damage in plasma membranes ofthe protoplasts may be involved in protoplast damage. These results suggest that activated 02 generated during enzymatic maceration may initiate lipid peroxidation of plasma membranes and that some of the damage to rice protoplasts may be caused by the oxygen toxicity.
